Ketamine has been reported to be an efficacious antidepressant for major depressive disorder and posttraumatic stress disorder. Most recently, ketamine has also been shown to be prophylactic against stress-induced depressive-like behavior in mice. It remains unknown, however, when ketamine should be administered relative to a stressor in order to maximize its antidepressant and/or prophylactic effects. Moreover, it is unknown whether ketamine can be prophylactic against subsequent stressors. We systematically administered ketamine at different time points relative to a fear experience, in order to determine when ketamine is most effective at reducing fear expression or preventing fear reactivation. Using a contextual fear conditioning (CFC) paradigm, mice were administered a single dose of saline or ketamine (30 mg/kg) at varying time points before or after CFC. Mice administered prophylactic ketamine 1 week, but not 1 month or 1 h before CFC, exhibited reduced freezing behavior when compared with mice administered saline. In contrast, ketamine administration following CFC or during extinction did not alter subsequent fear expression. However, ketamine administered before reinstatement increased the number of rearing bouts in an open field, possibly suggesting an increase in attentiveness. These data indicate that ketamine can buffer a fear response when given a week before as prophylactic, but not when given immediately before or after a stress-inducing episode. Thus, ketamine may be most useful in the clinic if administered in a prophylactic manner 1 week before a stressor, in order to protect against heightened fear responses to aversive stimuli.
INTRODUCTION
Posttraumatic stress disorder (PTSD) is an illness characterized by persistent, vivid re-experiencing of a traumatic event, hyperarousal, and avoidance of stimuli associated with the trauma (Charney et al, 1993) . It has been estimated that 7-8% of the US population will experience PTSD at some point in their lives and about eight million adults suffer from the disorder each year (Kessler et al, 1995; Kessler et al, 2005) .
Currently, clinicians rely on several methods to reduce the symptomology of PTSD including pharmacology, psychotherapy, or a combination of both methods. A first-line approach to the pharmacological treatment of PTSD involves the use of selective serotonin reuptake inhibitors (SSRIs) (Pradhan et al, 2016) . However, Stein et al (2006) found that only 59% of individuals receiving SSRI treatment for PTSD responded to treatment after 14 weeks. Other pharmacotherapies include benzodiazepines and anti-adrenergic agents, but these drugs are largely ineffective (Henry et al, 2007) .
These studies suggest that there is a critical need for improvements in drug therapy for PTSD. Alternatively, psychiatrists use cognitive behavioral therapy (CBT), which involves fear extinction through safe exposure to traumarelated cues (Golub et al, 2009) . Other methods of psychotherapy include group therapy (Lubin et al, 1998) , eye movement desensitization and reprocessing (Shapiro, 1989) , and mindfulness-based cognitive training techniques (Hofmann et al, 2010) . However, given the lack of empirical evidence and clinical utility of psychotherapy for trauma victims, consistent therapies have not been established (Steenkamp et al, 2015) .
In light of the paucity of treatments for PTSD, researchers are pursuing potential strategies to prevent the onset of the PTSD and other psychiatric illnesses (Bernardini et al, 2016; Horn et al, 2016; Skeffington et al, 2016; Wald et al, 2016) . Part of this work stems from an interest in methods to enhance stress resilience to prevent the onset of mental illness (Horn et al, 2016) . A focus on preventative approaches can alleviate years of psychological and financial burden in victims of PTSD and their loved ones. Ketamine, an antagonist of the glutamate N-methyl-D-aspartate (NMDA) receptor and an activator of AMPA receptors, confers several properties that highlight its candidacy as a preventative treatment. Ketamine has emerged as a rapid-acting antidepressant for treatment-resistant major depressive disorder patients, as it takes effect within 2 h of administration (Zarate et al, 2006) and has sustained effects for approximately 1-2 weeks (Berman et al, 2000) . In contrast to previously mentioned SSRIs, ketamine has the benefit of being administered as a single dose (Zarate et al, 2006; Murrough et al, 2013) . Importantly, we recently found that ketamine administered as a prophylactic protects against the onset of stress-induced depressive-like behavior in three different mouse models of stress (Brachman et al, 2016 , reviewed in Price, 2016 . This work was replicated by an independent group that found similar effects of ketamine in rats (Amat et al, 2016) .
In addition to its antidepressant properties, ketamine has been found to be efficacious in the treatment of chronic PTSD (Feder et al, 2014) . Feder et al (2014) found that intravenous infusion of ketamine hydrochloride (0.5 mg/kg) was associated with significant and rapid reduction in PTSD symptom severity when compared with midazolam. Moreover, an initial study showed that the prevalence of PTSD was decreased in military patients that received ketamine during an operation for burns when compared with patients not receiving ketamine (McGhee et al, 2008) . However, a follow-up study by the same authors failed to replicate their initial findings (McGhee et al, 2014) . These studies bring into question how the dosing and timing of ketamine alters its efficacy as a prophylactic or treatment for PTSD. When ketamine should be administered, in order to maximize its protective effects, remains unknown.
In this study, in order to better understand when ketamine should be given relative to a stressful episode, we systematically administered ketamine at various time points during a CFC extinction paradigm. We hypothesized that at certain time points ketamine would be prophylactic against fear expression, whereas at other time points ketamine would be ineffective or increase fear expression. Mice administered prophylactic ketamine 1 week, but not 1 month, before CFC exhibited reduced freezing behavior when compared with mice administered saline. In contrast, ketamine administration following CFC or before extinction did not alter subsequent fear expression. Interestingly, ketamine administration following extinction, but before reinstatement, increased rearing in the open field (OF), which may reflect increased attentiveness. These data indicate that ketamine can buffer a fear response when given as a prophylactic.
MATERIALS AND METHODS

Mice
129S6/SvEvTac mice were purchased from Taconic (Hudson, NY) at 8 weeks of age. Mice were housed four to five per cage in a 12 h (06:00-18:00 h) light-dark colony room at 22°C. Food and water were provided ad libitum. Behavioral testing was performed during the light phase. All experiments were approved by the Institutional Animal Care and Use Committee at Columbia University and the New York State Psychiatric Institute.
Drugs
A single injection of saline (0.9% NaCl) or ketamine (30 mg/kg) (Ketaset III, Ketamine HCl injection, Fort Dodge Animal Health, Fort Dodge, IA) was administered once during the course of each experiment. Ketamine was prepared in physiological saline and all injections were administered intraperitoneally (i.p.) in volumes of 0.1 cc/ 10 mg body weight.
Contextual Fear Conditioning
A three-shock contextual fear conditioning (CFC) paradigm was administered as previously described (Drew et al, 2010; Denny et al, 2014) . Mice were placed in the conditioning chamber and received 3 shocks 180, 240, and 300 s later (2 s, 0.75 mA) and were removed 15 s following the last shock. Supplementary Table S1 lists all contextual information. All sessions were scored for freezing using FreezeView2 (http:// actimetrics.com/downloads/freezeframe/).
Extinction (E)
Initially, two extinction protocols based off of Trouche et al (2013) and Sananbenesi et al (2007) were piloted, in order to determine the best conditions for assessing the effectiveness of ketamine (Supplementary Figure S1) . The extinction procedure chosen was the most consistent and robust, and was based on the protocol from Trouche et al (2013) . Extinction began 4 days after the initial three-shock CFC procedure, or 4 days after the reinstatement procedure. Each group of mice was subjected to two extinction trials per day. Each extinction trial lasted 30 min, with an intertrial interval of at least 2 h. For each extinction trial, mice were placed in the same box used for CFC without receiving foot shocks. All trials were scored for freezing. The dashed line for each figure represents an 20% freezing level and reference point for extinction of fear. The freezing presented throughout the text represents averaged freezing behavior for the first 3 min of each extinction trial.
Reinstatement (R)
Reinstatement took place in the same Coulbourn fearconditioning box, but with altered cues. A one-shock CFC paradigm was administered as previously described (Drew et al, 2010; Denny et al, 2012 Denny et al, , 2014 , with the exception of two experiments in which the mice were administered three shocks.
Forced Swim Test
The forced swim test (FST) was administered as previously described (Richardson-Jones et al, 2010; Brachman et al, 2016) .
Open Field
OF protocol was administered as previously described (Richardson-Jones et al, 2010) .
Statistical Analysis
All data were analyzed using StatView 5.0 software (SAS Institute, Cary, NC) or Prism 5.0a. Alpha was set to 0.05 for all analyses. In general, the effect of Drug or Context was analyzed using an analysis of variance (ANOVA), using repeated measures where appropriate. Significant ANOVAs were followed up with Fisher's protected least significant difference post-hoc analysis or unpaired t-tests where appropriate. All statistical tests and p-values are listed in Supplementary Table S2 .
RESULTS
An Injection of Ketamine 1 Week Before CFC Decreases Fear Expression
First, to determine whether our previously reported prophylactic effect of ketamine extended to CFC, mice were administered a single injection of saline or ketamine (30 mg/kg) ( Figure 1a) . One week later, mice were trained using a three-shock CFC protocol. Both groups of mice exhibited comparable levels of freezing during the threeshock CFC training (Figure 1b) . Moreover, both groups of mice traveled comparably during each of the three-shock presentations ( Figure 1c ). Extinction training began 4 days later after CFC. During the first extinction exposure, mice injected with prophylactic ketamine expressed significantly less freezing behavior when compared with mice injected with saline ( Figure 1d ). Both groups of mice expressed similar levels of freezing behavior during subsequent extinction trials, reinstatement, and secondary extinction trials. When the first trial of extinction and the first trial of re-extinction (E1 and E9) were compared between the two groups, ketamine-injected mice showed significantly decreased levels of fear as compared with saline-injected mice (Figure 1e ). These data indicate that ketamine is efficacious in buffering fear expression when administered as a prophylactic 1 week before CFC.
An Injection of Ketamine 1 Month Before CFC Does Not Alter Fear Expression
In order to determine whether administering ketamine at additional points before a fear-inducing stimuli might be beneficial, we varied the interval from 1 week to 1 month before CFC (Figure 2a ). Prophylactic ketamine administration 1 month before CFC did not result in a decreased fear response during CFC training (Figure 2c ), did not alter the (d) During the first extinction exposure, prophylactic ketamine-injected mice expressed significantly less freezing behavior when compared with saline-injected mice. Both groups of mice expressed similar levels of freezing behavior during subsequent extinction trials, reinstatement, and secondary extinction trials. (e) Ketamine-injected mice exhibited significantly less fear during extinction than saline-injected mice (n = 5 mice per group). Error bars represent ± SEM. **po0.01, and ***po0.001. CFC, contextual fear conditioning; E, extinction; K, ketamine; R, reinstatement; Sal, saline. shock response (Figure 2d) , and did not alter freezing behavior during extinction (Figure 2e ) when compared with saline administration. These data indicate that there is a defined interval at which ketamine may be administered before a stressor, in order to buffer against fear expression.
An Injection of Ketamine 24 h Before CFC Does Not Alter Fear Expression
We next varied the interval immediately before CFC training. We first administered ketamine 24 h before CFC (Figure 2b ). Ketamine administration did not alter immobility before the shock presentation, path length during the shocks, or freezing behavior during extinction (Figure 2f-h ). However, there was a significant difference between saline and ketamine-injected mice on the last day of extinction (E8) (po0.02) ( Figure 2h ). Next, we administered ketamine 1 h before CFC (Figure 2b ). Ketamine administration resulted in increased immobility before the shock presentation ( Figure 2i ). Ketamine-injected mice traveled less during the shock presentations than saline-injected mice (Figure 2j ). However, both groups of mice froze comparably during extinction, with the exception of E6 (Figure 2k ). These data indicate that there is a defined window at which ketamine may be administered before a stressor, in order to buffer or decrease fear expression, and that administering too soon before a stressor may be problematic due to the analgesic effects.
An Injection of Ketamine Following CFC or Before Extinction Does Not Alter Fear Expression
To determine whether an injection of ketamine could alter fear extinction behavior following encoding, we next tested administration following CFC at various time points. Mice were injected with ketamine 1 h following three-shock CFC training (Figure 3a) . A single injection of ketamine following CFC did not alter fear expression during extinction (Figure 3b ).
Mice were then injected with ketamine 1 week following CFC, but 1 week before extinction, in order to mimic the 1-week interval that we use as a prophylactic (Figure 3c) . A single injection of ketamine before extinction did not alter fear expression during extinction training (Figure 3d) .
Lastly, mice were injected with ketamine 1 h before extinction (Figure 3e) . A single injection of ketamine before extinction did not alter fear expression during extinction training (Figure 3f ). These data suggest that ketamine administration following the encoding of a stressor does not alter the subsequent fear response.
An Injection of Ketamine 1 Week Before Reinstatement Increases Attentiveness, But Does Not Decrease Fear Expression
As our data indicated that that a single injection of ketamine 1 week before three-shock CFC reduces fear expression, we sought to determine whether ketamine administered before reinstatement would alter subsequent fear expression or alter behavior in other stressful paradigms (Figure 4a) .
A single injection of ketamine 1 week before one-shock reinstatement did not alter subsequent fear expression (Figure 4b ). Saline-and ketamine-injected mice traveled comparably during the shock presentation given during reinstatement (Figure 4c ). We next tested whether ketamine could alter stress-related behavior, as measured by behavioral despair in the FST or locomotion in the OF. Both groups of mice displayed similar time immobile in the FST (Figure 4d ) and had comparable locomotion during the OF (Figure 4e ). However, mice that received ketamine had a higher number of rearing bouts during the OF (Figure 4f ). These data indicate that an injection of ketamine before one-shock reinstatement of a stressor does not buffer against fear expression. However, a single injection of ketamine before reinstatement increases attentiveness as measured by the number of rearing bouts in an OF.
We next wanted to determine whether the strength of the reinstatement experience influenced ketamine's effects on attentiveness described above. Here, ketamine was administered 1 week before a three-shock reinstatement trial instead of a one-shock reinstatement trial (Figure 4g) . A single injection of ketamine 1 week before three-shock reinstatement did not alter fear expression (Figure 4h ). Saline-and ketamine-injected mice traveled comparably during each of the three shock presentations ( Figure 4i) . As with the oneshock reinstatement experiment, both groups of mice displayed similar time immobile in the FST (Figure 4j ) and basic movements during the OF (Figure 4k) . In contrast to the one-shock reinstatement experiment, both groups had a comparable number of rearing bouts during the OF (Figure 4l ) and these levels were similar to the salineinjected group described above (Figure 4f ). These data indicate that an injection of ketamine before a strong reinstatement experience does not buffer against subsequent fear-inducing stimuli, or influence depressive-like or exploratory behavior in the FST and OF, respectively.
An Injection of Ketamine Following Reinstatement
Decreases Fear Following Three-shock CFC, but not One-shock CFC In order to determine whether administration of ketamine following reinstatement would influence subsequent fear expression, we next tested administration following the reinstatement experience at various time points. We first administered ketamine 1 h after a one-shock reinstatement paradigm (Figure 5a) . A single injection of ketamine 1 h following a one-shock reinstatement did not alter subsequent fear expression (Figure 5b) .
Ketamine was then administered 1 h after a three-shock reinstatement paradigm, in order to determine whether the strength of the reinstatement experience would influence differences in subsequent fear expression (Figure 5c ). Interestingly, a single injection of ketamine 1 h after a three-shock reinstatement buffered fear expression during the first re-exposure and transiently decreased freezing throughout extinction (Figure 5d ). We also tested ketamine administration at a 24 h time point following a three-shock reinstatement. A single injection of ketamine 24 h following three-shock reinstatement did not alter subsequent fear expression (Figure 5e ). These data suggest that there is a limited time window following reinstatement during which ketamine may be effective in decreasing fear expression.
DISCUSSION
Here, our results suggest that the timing of administering ketamine is critical for its effectiveness for buffering fear expression. We show that a single injection of ketamine administered 1 week before the start of CFC was most effective as a prophylactic in buffering against a heightened fear response during the first re-exposure to the aversive context. However, when administered at various other time points, it does not facilitate extinction or alter subsequent behavior. Ketamine administered 1 month or 1 h before the start of CFC does not buffer against a fear response or facilitate extinction. These data suggest that there is a limited time window for prophylactic protection. In addition, ketamine administered following CFC does not alter subsequent freezing levels. Yet, interestingly, ketamine administered 1 h after a strong reinstatement protocol decreased fear expression, suggesting a potential window of efficacy. Lastly, ketamine administration following extinction but before reinstatement does not alter freezing levels, yet it increases rearing in the OF, a possible measure of attentiveness. This increase in rearing in the OF is abolished following a strong reinstatement paradigm, indicating that the intensity of the stressor influences the effectiveness of ketamine on rearing. The prophylactic effect that we have previously reported in three different models of stress was replicated here (Brachman et al, 2016) . We initially reported that ketamine administered 1 week before social defeat, learned helplessness, or chronic corticosterone protected against depressive-like behavior. Here we see a similar effect by using CFC as a stressor: prophylactic ketamine buffers the stress response upon the first re-exposure to the fearful context when administered 1 week before CFC training. Although ketamine's effects on fear extinction cannot be concluded due to the initially low level of freezing, it is notable that ketamine decreases fear expression. However, we do not exclude the possibility that prophylactic ketamine may impair the acquisition of fear or impair memory retrieval when administered at the 1-week time point. Future studies will address this possibility.
Ketamine's prophylactic efficacy is dependent on when it is administered before a fear-inducing stimulus, as a protection was not observed at the 1-month time point. These data are in accord with a recent study showing that ketamine administered up to 2 weeks before an inescapable stressor blunted the neurochemical effects of the stressor (Amat et al, 2016) . Therefore, there is likely a defined window as to when ketamine may confer its most effective therapeutic potential.
Surprisingly, administering ketamine 24 h before the stressor did not induce a prophylactic effect on fear expression, indicating that this effect is restricted to about one week before the stressor. Yet, it is currently unknown whether there is an intermediate time point between 24 h and 1 week that also allows for prophylactic efficacy. In interpreting these data within a clinical framework, it is crucial to consider that the time course of drug efficacy from a mouse model to a human may not be precisely matched. It is likely, however, that there is a similar defined time window of therapeutic efficacy in humans.
It is interesting to note that ketamine administered immediately before CFC resulted in increased immobility and a blunted response to the shocks. This effect was seen only when ketamine was administered 1 h, but not 24 h before CFC. This increase in immobility is most likely due to altered pain sensitivity as it has been reported that following an i.p. injection of ketamine, animals have an increased reaction time to the hot plate test (Takahashi et al, 1986) . These data show that acute ketamine administration induces an analgesic effect. In contrast to our findings that ketamine affects time immobile when administered 1 h before CFC, it is notable that the present study did not observe increased freezing or blunted response to the shocks when ketamine was administered 24 h before CFC. It is likely that the analgesic effects of the drug persist for 1 h, but not 24 h post injection, as ketamine is known to have a half-life of approximately 2.5 h (Wieber et al, 1975) . Thus, administering ketamine immediately before a stressor may interfere with the perception of pain during a stressor.
An additional interpretation of increased freezing during CFC may be that ketamine is affecting locomotor activity in mice shortly after administration. Several studies found that NMDAR antagonists including ketamine and S-ketamine induced hyperactivity shortly after administration (Refsgaard et al, 2016; Razoux et al, 2007 ). Yet, one study found no effects of ketamine on locomotor activity in rats (Moosavi et al, 2012) , indicating that the timing of administration as well as the ketamine dosage are key components in determining its effects on locomotion. Thus, here ketamine's effects may be either sensory, motor, or a combination of both. As ketamine has also been found to influence memory, particularly plasticity mechanisms within the hippocampus (Ardalan et al, 2016a, b; Jett et al, 2015) , it is possible that the increased freezing observed at one of the subsequent extinction sessions could indicate ketamine's effect on heightening the memory of the aversive context. A recent study demonstrated that fear memories reactivated under ketamine were subsequently stronger (Honsberger et al, 2015) . Further studies are necessary to validate this potential phenomenon.
To extend the earlier PTSD and ketamine studies in US service members (McGhee et al, 2008; McGhee et al, 2014) to rodent models, we administered ketamine 1 h after CFC, 1 week after CFC, or 1 h before extinction training. Although the initial McGhee study (McGhee et al, 2008) found a reduction in the incidence of PTSD, the later study found a comparable incidence rate of PTSD in US military personnel treated with and without intraoperative ketamine (McGhee et al, 2014) . Our findings are in agreement with the later study-we did not find post-exposure administration to be effective in reducing the fear response. These results align with our previous data (Brachman et al, 2016) in which ketamine administered following a stressor did not prevent against stress-induced depressive-like behaviors and with a previous rodent study in rats which found that immediate ketamine treatment following a stressor did not prevent the onset of PTSD (Juven-Wetzler et al, 2014) . It is essential to consider, however, the variable histories of the patients treated in both McGhee studies. While our rodent studies correlate with findings that suggest ketamine is not effective in preventing the onset of PTSD when administered immediately after the trauma, we believe that the history and individual timing of the ketamine administration is critical in determining the effectiveness of the treatment.
We found that ketamine 1 week before a one-shock reinstatement paradigm did not alter fear expression, contrary to the effect of prophylactic ketamine 1 week before CFC. It is important to note that the one-shock reinstatement CFC protocol used throughout this study is weak compared to the three-shock reinstatement CFC protocol, Mice injected with saline and ketamine 1 h after one-shock reinstatement express comparable levels of fear behavior during secondary extinction trials (n = 5 mice per group). (c) Experimental design. (d) Mice injected with ketamine 1 h after three-shock reinstatement express decreased fear when compared with mice injected with saline (n = 9-10 mice per group). (e) Mice injected with saline or ketamine 24 h after three-shock reinstatement express comparable levels of freezing behavior during secondary extinction trials (n = 5 mice per group). Error bars represent ± SEM. *po0.05, and **po0.01. CFC, contextual fear conditioning; E, extinction; K, ketamine; R, reinstatement; Sal, saline.
and takes place within a distinct yet similar context as the original CFC context. Thus, out data may show altered reconsolidation of the original fear memory, but it is also possible that the mice are experiencing fear generalization in the reinstatement context. Yet, despite these caveats, these data primarily demonstrate that ketamine is most effective E9 E10 E11 E12 E13 E14 E15 E16 CFC E1 E2 E3 E4 E5 E6 E7 E8 R when administered as a prophylactic before a stressor rather than before reinstatement of the stressor, consistent with what is known about primary prophylaxis. Furthermore, it suggests that previous stressors influence subsequent stressor responses. Although ketamine administration did not affect locomotion in the OF, it did increase the number of rearing bouts. It has been suggested that rodents' rearing on hind legs can be a measure of attentive behavior, as it demonstrates increased interest in the spatial environment, as well as a lower perceived threat (Lever et al, 2006) . However, there is a scarcity of analysis on the significance of rearing in rodents for anxiolytic behaviors, though it is often interpreted as an exploratory response to novel stimuli (Van Abeelen, 1975; Crusio, 2001) . It remains to be determined whether increased attentiveness to one's surroundings may be a positive outcome as opposed to a negative outcome indicating increased anxiety. Yet, more recently, a five-choice continuous performance test has been adapted from human studies to rodents in order to assess attentive behavior as a measure of vigilance (Young et al, 2009) . Future studies utilizing the 5C-CBT may further validate whether ketamine increases vigilant-like attentive behavior when administered as a prophylactic.
There was similarly no effect on fear expression or on depressive-like behavior in the FST when ketamine was administered 1 week before a stronger reinstatement (threeshock CFC). Surprisingly, however, an increase in rearing behavior was not observed in this experiment. These data suggest that the aversive value of the traumatic experience may play a critical role in effectiveness of therapy. It has been suggested that the intensity of the unconditioned stimulus has a direct correlation to the severity of PTSD symptomology (Buydens-Branchey et al, 1990; Yehuda et al, 1992; Norrholm et al, 2011) . However, it is more difficult to define stressor severity in humans, given the wide range of criterion that may define a stressor (ie, witnessing a trauma vs experiencing one) (Long et al, 2008) , as well as the subjective distress of the stressor experienced (Feinstein and Dolan, 1991; O'Hare et al, 2006) . However, future work should consider the severity of the stressor in relation to the effectiveness of treatments or preventions for PTSD.
Administering ketamine 1 h after a relatively weak (one-shock) reinstatement did not have effects on fear expression or extinction. This finding agrees with previous studies demonstrating that ketamine did not alleviate symptoms of PTSD when given shortly after a trauma (McGhee et al, 2014; Juven-Wetzler et al, 2014) . Interestingly, several studies have speculated that ketamine administered immediately after a strong traumatic incident may enhance fear expression after a single dose (Schönenberg et al, 2005 (Schönenberg et al, , 2008 or multiple doses (Winter and Irle, 2004) . Overall, it is probable that administering ketamine after reexperiencing the trauma is directly acting on reconsolidation mechanisms. Notably, Schiller et al, 2010 have proposed that reconsolidation is a window of opportunity to rewrite emotional memories.
Interestingly, when ketamine was administered 1 h after a stronger reinstatement trial (three-shock CFC), ketamine decreased subsequent fear expression during extinction, indicating that ketamine may indeed be having an effect on memory consolidation. In considering ketamine's effects on memory consolidation, ketamine may be having a similar effect as propranolol, a beta-blocker. Previous data have shown that propranolol may be effective as a treatment for PTSD when administered during the reconsolidation window (Laverdure and Boulenger, 1991; Taylor and Cahill, 2002; Pitman et al, 2002; Vaiva et al, 2003; Henry et al, 2007; Soeter and Kindt, 2015; Villain et al, 2016 ). Yet, it is intriguing that recent studies and meta-analyses suggest that the drug may not be reliably effective (McGhee et al, 2009; Muravieva and Alberini, 2010; Cohen et al, 2011; Argolo et al, 2015; Steenan et al, 2016) . In light of this field of investigation, however, our data suggest that ketamine may also disrupt consolidation of aversive memories in specific conditions, such as in conditions that robustly activate the fear system.
In regards to ketamine's potential effect on fear memory, it is important to note that NMDA receptor antagonists similar to ketamine have been shown to have effects on fear behavior. The effects demonstrated in our study are similar to previous studies involving NMDA receptor antagonists on acquisition. For example, Fanselow and Kim, 1994 assessed the effect of infusing the NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric acid (APV) into the basolateral region of the amygdala before CFC. They found that an APV infusion prevented the acquisition of fear. A similar study recapitulated these results with the NMDA antagonist AP5: infusing AP5 into the amygdala blocks acquisition, but not expression, of fear conditioning (Miserendino et al, 1990) . Another group demonstrated that micro-infusion of AP5 to the amygdala blocked second-order fear conditioning (Gewirtz and Davis, 1997) . There also appears to be evidence for the role of NMDA receptors in extinction. The noncompetitive NMDA antagonist MK-801 was shown to block extinction in a dose-dependent manner (Baker and Azorlosa, 1996) . However, no previous group has administered ketamine as far in advanced as the current study has to assess fear expression. It is likely that separate mechanisms as well as NMDA receptor modulation mediate ketamine's prophylactic effect. Studies are currently ongoing to probe the mechanistic actions of this protective quality.
Overall, this study suggests that ketamine may be most effective in buffering fear responsive when administered as a prophylactic 1 week before a stressor. However, the use of CFC as a measure of a deleterious fear response merits further discussion. Exacerbated fear memory is a characteristic of the psychopathology of PTSD. The fear memory is often persistent, owing to a dysregulation of extinction and reconsolidation (Careaga et al, 2016; Wicking et al, 2016) . The CFC paradigm utilized in this study attempts to mimic the onset of traumatic memory. Yet, although we utilize heightened fear expression as a measure of maladaptive fear characteristic of PTSD, it has been suggested that the fear response in rodents is adaptive behavior in response to expected threat (Bailey and Crawley, 2009) . Furthermore, the use of a single three-shock paradigm induces a heightened fear response, but other models may induce a more salient traumatic memory. As the fear response here may be modeling aspects of adaptive fear learning, additional models such as stress-enhanced fear learning should be utilized in future studies (Rau and Fanselow, 2009 ).
To our knowledge, this study is the first demonstration of a critical time window to administer ketamine for stress-induced psychiatric disease. We propose that ketamine may be most effective when administered in a vaccine-like manner, but only within a particular time window before the stressor. Ketamine treatment could also enhance attentiveness to one's surroundings as long as 2 weeks following administration. Yet, these data indicate that it would not be ideal to administer ketamine shortly after a traumatic experience, although there may be benefits to administering it shortly after a strong reinstatement, possibly due to effects on ketamine in the reconsolidation of a fear memory, though the exact mechanisms of this effect remain to be discovered. Ultimately, we propose these data as a guide for interpreting past and future studies on ketamine's effectiveness for mood disorders.
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